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Abstract 
Soft materials with high thermal conductivity are critical for flexible electronics, energy storage and 
transfer, and human‐interface devices and robotics. However, fundamental heat transport limitations in 
soft and deformable materials present significant challenges for achieving high thermal conductivity. 
Here, a systematic study of soft composites with solid, liquid, and solid–liquid multiphase metal fillers 
dispersed in elastomers reveals key strategies to tune the thermal‐mechanical response of soft materials. 
Experiments supported by thermodynamic and kinetic modeling demonstrate that multiphase systems 
quickly form intermetallics that solidify and degrade mechanical response with modest gains in thermal 
conductivity. In contrast, liquid metal inclusions provide benefits over solid and multiphase fillers as they 
can be loaded up to 80% by volume with the composites being electrically insulating, soft (<1 
MPa>modulus), and highly thermally conductive (k = 6.7 ± 0.1 W m−1 K−1). The thermal‐mechanical 
response of the composites is summarized and quantitative design maps are presented for soft, highly 
thermally conductive materials. This leads to soft materials with unique thermal‐mechanical 
combinations, highlighted by a liquid metal composite with an unprecedented thermal conductivity of 
11.0 ± 0.5 W m−1 K−1 when strained. These materials and approach enable diverse applications from 
soft conformal materials for stretchable electronics to thermal interface materials in integrated circuits. 
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Abstract
Soft materials with high thermal conductivity are critical for flexible electronics, en-
ergy storage and transfer, and human-interface devices and robotics. However, funda-
mental heat transport limitations in soft and deformable materials present significant
challenges for achieving high thermal conductivity. Here, a systematic study of soft
composites with solid, liquid, and solid-liquid multiphase metal fillers dispersed in
elastomers reveals key strategies to tune the thermal-mechanical response of soft ma-
terials. Experiments supported by thermodynamic and kinetic modeling demonstrate
that multiphase systems quickly form intermetallics that solidify and degrade mechan-
ical response with modest gains in thermal conductivity. In contrast, liquid metal
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inclusions provide benefits over solid and multiphase fillers as they can be loaded up
to 80% by volume with the composites being electrically insulating, soft (< 1 MPa
modulus), and highly thermally conductive (k = 6.7±0.1 W ·m−1·K−1). The thermal-
mechanical response of the composites is summarized and quantitative design maps are
presented for soft, highly thermally conductive materials. This leads to soft materials
with unique thermal-mechanical combinations, highlighted by a liquid metal composite
with an unprecedented thermal conductivity of 11.0±0.5 W ·m−1·K−1 when strained.
These materials and approach enable diverse applications from soft conformal materials
for stretchable electronics to thermal interface materials in integrated circuits.
1. Introduction
Soft materials capable of sensing, [1–3] energy harvesting, [4–6] and conducting thermal en-
ergy [7–9] are key components for transformative technologies such as soft and wearable elec-
tronics and bio-compatible, soft machines. [10–12] However, materials with these functional
properties are typically rigid and elastically incompatible with soft and mechanically de-
formable systems. This challenge has lead to a variety of approaches such as patterning
functional materials into deformable structures, [13–15] developing functional polymers and
molecules with intrinsic stretchability, [16, 17] and the creation of soft composite materials
where elastomers and gels are combined with functional materials through heterogeneous
composites or microfluidic approaches. [18–23] A large number of composite systems have
been explored where elastomers such as silicones, polyurethanes, or other systems are filled
with rigid fillers such as carbon-based materials, metals, or ceramics. [24–27] These fillers
can be in various forms, including particles, fibers, tubes, and 2D materials. [28, 29] However,
rigid inclusions typically degrade the soft mechanical response of the composite. [30, 31] A
recent approach to optimizing compliant material performance in light of such tradeoffs has
been the utilization of gallium-based liquid metals (LMs) such as eutectic gallium indium
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response of a liquid. These metals have low toxicity, low viscosity, are electrically and ther-
mally conductive, and can be molded into complex shapes due to the formation of a thin
surface oxide. [32–34] By dispersing LM inclusions into elastomers, properties such as elec-
trical conductivity, [35–37] dielectric constant, [38] thermal conductivity, [39–41] and mechanical
response can be improved with only modest or in some cases negligible changes in stiffness
and ultimate extensibility, even at high loading fractions. [42, 43] These properties suggest
great promise for LM-elastomer composites in the application of soft materials in new areas
of flexible system technologies. For example, LM nanoparticles can be coated on surfaces
or encapsulated in elastomers to create films, enabling mechanically drawn flexible printed
circuits. [44–46]
Recent developments have shown that the benefits of LM in composite structures can
be enhanced through the use of hybrid mixtures of LM and solid particle constituents. For
example, the viscosity of LM inclusions can be controlled with additions of nickel nanoparti-
cles, as recently demonstrated and used to improve printability. [47] Incorporation of iron or
steel particles into LM droplets allows them to be magnetically manipulated within microflu-
idic channels and surfaces. [48, 49] Functional properties of LM can also be enhanced through
the addition of silver nanoparticles to increase electrical conductivity, [50] or the creation of
amalgams by mixing rigid particles into the LM, building on the work in nanofluids. [51, 52]
While hybrid mixtures can increase thermal and electrical conductivity, they may also
give rise to detrimental increases in rigidity of the mixture. [53] Indeed understanding the
nature of these tradeoffs is an area of considerable focused attention. Specifically, the in-
corporation of copper particles into LM at volume loadings of ≈ 10% creates a moldable
material with solid-like characteristics. [53] This results from the copper particles alloying
at room temperature with gallium (Ga) to form an intermetallic compound CuGa2, which
causes the LM to solidify. This knowledge has been utilized in electrochemical manipulation
of LM within porous copper. [54] These solid-liquid hybrids can further be incorporated into
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proach where copper and LM are mixed together into elastomers. This created percolated
networks by forming LM bridges between the copper particles, which solidify, increasing
percolation and raising thermal conductivity. [55] However, the transition from a liquid to
a solid filler significantly stiffens the composite, [56] while percolation causes the material
to become electrically conductive, which is not desirable for all-thermal applications where
electrical conductivity can cause electrical shorts. Considering these recent developments, it
is clear that a deeper understanding of the interactions between solid and LM fillers and how
relative and absolute loadings of fillers contribute to the thermal and mechanical response
of soft composites can provide new tools to design deformable heat sinks, thermal interface
materials, and functional components for soft robotics and electronics.
Here we present a systematic study of the thermal and mechanical properties of liquid,
solid, and liquid-solid multiphase soft elastomer composites. We incorporate a series of spher-
ical, solid microparticles including iron (Fe), copper (Cu), silver (Ag), and nickel (Ni) into
LM-EGaIn and then disperse this suspension in a soft, highly extensible silicone elastomer.
We find modest increases in thermal conductivity for multiphase systems with significant
stiffening and reductions in stretchability. This mechanical degradation is more pronounced
when the solid particles form alloys with the LM as in the case of Cu microparticles. This
alloying behavior is investigated with X-Ray Diffraction (XRD) and thermodynamic and ki-
netic simulations that demonstrate the rapid formation of intermetallic compounds between
EGaIn and Cu but not Fe. Contrary to solid particles, LM inclusions can be incorporated
into composites with much greater volume which enables significantly enhanced thermal con-
ductivities while displaying greater extensibility and lower stiffness. Composites consisting
only of liquid filler can be loaded up to φ = 80% (φ = vol(totalfiller)
vol(composite)
) with thermal conductivi-
ties up to k = 6.7±0.1 W·m−1·K−1 while still being electrically insulating. Taking advantage
of the extensibility of the LM elastomer systems, we stretch an electrically insulating LM
composite with φ = 60% (sample with appreciable thermal conductivity and relatively high
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the stretching direction at strains of 400%. We finish by plotting all three composite types
into thermal-mechanical summary plots and create quantitative design maps for the design
of soft materials with high thermal conductivity. This shows that for electrically insulat-
ing, thermally conducting composites, liquid inclusions provide benefits over solid fillers and
multiphase systems.
2. Results and Discussion
2.1. Soft, multifunctional composites
Three primary composite compositions are investigated, i) LM inclusions, ii) solid particles,
and iii) multiphase composites consisting of LM inclusions and solid particles (Figure 1 a-c).
In all cases, the matrix phase is a highly extensible silicone elastomer (Gelest Ex-Sil 100) and
the LM is eutectic gallium indium (EGaIn), where φ = 0% represents the unmodified elas-
tomer (no additional filler). The solid particles in the multiphase composites are Fe, Ag, Cu,
or Ni, all of which have a diameter of 1 µm and the LM inclusions generally have an average
major radii of 10 - 15 µm (see Figure S2 - S4 for particle size analysis). The composites are
fabricated by shear mixing uncured elastomer with the different fillers. For multiphase com-
posites, the solid particles are mixed into the LM, and then this suspension is mixed into the
uncured elastomer phase. The composites are then cast, cured, and prepared for mechanical
and thermal testing (see methods for detailed fabrication). Mechanical properties are evalu-
ated under tension on composite films in a dogbone geometry. The thermal conductivity is
measured using a transient hot wire (THW) technique in which a 25 µm diameter platinum
wire is placed between two slabs of the material to be measured. As a current is passed
through the wire it acts as a resistor to heat the sample and as a thermometer to measure
the temperature raise simultaneously. [57] The change in temperature (∆T ) as a function of
time provides a measure of the thermal conductivity (k) of the material through cylindrical
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Figure 1: Mechanical and thermal properties for soft composites. Schematics of a) liquid,
b) solid, and c) liquid-solid multiphase composite, where relative particle size is based on the
average particle radius found through particle analysis in Figure S2-S4, with LM droplets
and solid particles on the order of 10 - 15 µm and 1 µm respectively. d-f) Tensile modulus,
Strain at break and Thermal conductivity, all with respect to total volume percent filler (φ).
Inset in (f) shows the region where k ≤ 2 W ·m−1·K−1. Dashed lines are guides to the eye.
All error bars represent ±1 SD and are not displayed if smaller than the data point size.
Tensile modulus and strain at break of φ = 40% Fe, φ = 50% LM+Fe, and φ = 40% LM+Cu
samples are not plotted due to the brittleness of the samples leading to testing inability.
Mechanical and thermal characterization of the three types of composites is presented in
Figure 1d-f. Here, the multiphase composites are comprised of solid filler:LM in a 1:1 ratio by
volume. It is found that solid particles and multiphase systems where the solid particles alloy
(Cu) with the LM result in the stiffest materials with the lowest strain at break, the LM+Fe
1:1 composite which does not alloy displays moderate stiffness and strain at break, while the
LM composite is significantly softer and more extensible than both systems for any given
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composites cause incomplete wetting of the particles in our system, which results in granular
and paste-like materials which are too brittle for mechanical testing. This was observed in the
φ = 40% Fe, φ = 50% LM+Fe, and φ = 40% LM+Cu samples, accounting for the absence of
mechanical test data for these materials in Figure 1. Thermal conductivity is measured and is
found to be similar for all the three types of composites up to φ = 40%, with the multiphase
LM + Cu displaying a slightly increased thermal conductivity (k = 1.9 ± 0.1 W ·m−1·K−1)
compared to the other materials (k ≈ 1.5 W · m−1 · K−1). However, it is found that the
liquid inclusions can be loaded to significantly higher loadings (φ = 80%) compared to
the solid phase alone (φ = 30%) while still being an elastic solid. The higher LM loading
(φ = 80%) allows the thermal conductivity to be increased to k = 6.7±0.1 W·m−1·K−1, well
beyond the solid or multiphase composite while still being relatively soft (tensile modulus
≈ 680 kPa) and deformable (strain at break ≈ 30%). These results demonstrate that when
the multiphase composites are mixed with equal volume of solid and liquid fillers, the soft
mechanical response degrades faster than the thermal conductivity increases.










Figure 2: Soft composite microstructure. Optical micrographs of the a-c) unstrained and
d-f) strain before break of the the solid (φ = 30% Fe, top row), multiphase (φ = 30% LM+Fe
(1:1), middle row), and liquid (φ = 30% LM, bottom row) composites. g-i) Photographs of
the samples under tension testing at 0% and near the strain at break corresponding to 70%,
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Representative microstructures and macro photographs during stretching of the three
types of composites are presented in Figure 2. The left column shows the undeformed
microstructure, the center column shows the microstructure near the strain at break, and
the right column shows the samples during tensile testing where an undeformed sample is
presented next to the sample near the strain at break. Here the morphology of the solid par-
ticles in φ = 30% Fe composite stays consistent in the undeformed and deformed state, as the
rigid particles do not deform within the soft elastomer under deformation. The multiphase
composite with φ = 30% LM+Fe (1:1) shows modest elongation in the stretching direction,
as the LM phase with solid Fe particles stays liquid and is deformable but is moderately
stiffened by the Fe particles. The φ = 30% LM composite shows significant deformation in
the stretched state as the liquid phase elongates with the elastomer in the direction of stretch
upto a large strain of 1100%. As will be discussed in more detail in Section 2.3: Thermal-
mechanical coupling, this shape change through mechanical deformation plays a significant
role in the thermal conductivity of the material. Additionally, when high loadings of solid
particles are used in multiphase composites it is observed that the overall inclusion size
decreases (See Figure S1). This is likely due to the LM coating the large number of solid
particles causing the LM to break up. We find that inclusion size is largely independent of
solid particle loading at lower solid content, as demonstrated below. These images show the
drastic differences in stretchability of the three soft composites and how liquid inclusions can
deform along with the matrix, in contrast to rigid particles, to enhance stretchability of the
composite.
2.2. Liquid metal as the majority filler phase (LMM)
To study how the soft mechanical response can be maintained in the multiphase composites,
we perform experiments where the solid particle loading is decreased such that the LM is
the major filler component. In these experiments, ω = 30 and 50% (ω = vol(LM)
vol(elastomer)
) and
Fe particles are loaded by mass fraction (x = mass(microparticles)
mass(totalfiller)













This article is protected by copyright. All rights reserved.
the ω = 30 and 50% respectively. In this mixing scheme, the ratio of LM to elastomer stays
constant for a given ω value while the introduction of particles increases the overall filler
volume φ (see Table S1 and S2 for detailed volume loading parameters). The average LM
particle radius in both variants remains similar at ∼ 15 µm (see Figure S2 - S4 for particle
size analysis). We anticipate that the majority of the solid particles get suspended in the LM
droplets as during mixing the particles become coated by Ga oxides which promotes their
affinity to the LM inclusions. Here we find that the thermal conductivity increases faster in
the ω = 50% composites, gaining nearly 20% at x = 0.1 (Figure 3a). The absolute changes
are presented in Figures 3b and 3c for ω = 30 and 50% composites respectively. Composites
with ω = 30% and x ranging from 0 - 0.1 for Cu, Ni, and Ag particles are compared with
Fe particles in Figure S5, where small differences are observed in thermal conductivity and
tensile modulus with Fe displaying the largest strain at break.
Although numerous theories have been developed for predicting thermal conductivity,
some tend to work better for specific composite systems. To predict the thermal conductiv-
ity in the LMM multiphase composites we consider models from Cheng-Vachon and Brugge-
man. [58, 59] Here, we consider the matrix/continuous phase to be the LM suspension in
elastomer with a thermal conductivity km and the Fe particles as the discontinuous phase
with a thermal conductivity kp and predict the thermal conductivity of our composites using
a two phase model. Cheng-Vachon’s model assumes a parabolic distribution where fillers will
not fully agglomerate until they are in closest packing and that thermal conductive paths
through the composite materials are built when the fillers are in closest packing. An equiv-
alent thermal resistance (Re) is then calculated for a unit cube and the composite thermal
conductivity (kc) is calculated through kc =
1
Re
. The effective resistance of the composite
when kp > km can be calculated by Equation (1):
Re =
1√
C(km − kp)[km +B(kp − km)]
ln
√
[km +B(kp − km)] + B2
√
C(km − kp)
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d e f
a b c
Figure 3: Thermal and mechanical response of LMM-Fe multiphase soft composites. a)
Multiphase composite thermal conductivity relative to a x = 0% composite as a function
of x. b) Thermal conductivity as a function of mass fraction Fe (xFe) in comparison to
Bruggeman and Cheng-Vachon model predictions for ω = 30% LM and c) ω = 50% LM.
(inset in (b) shows behavior at low x). For modeling, we consider ψ = vol(microparticles)
vol(composite)
. d)
Stress-strain curves for ω = 30 and 50% LM with different Fe compositions (inset shows
curves in the 5% strain region used for calculating tensile modulus). e) Tensile modulus and
f) Strain at break as a function of x. All error bars represent ±1 SD and are not displayed
if smaller than the data point size.
Here, B and C are a set of constants for each filler volume fraction (φ) and are evaluated from









= 1 − φ (2)
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ified to predict the thermal conductivity as a function of strain (for details see SI, Equation
S1 - S3). [39] When we consider the suspension of LM in elastomer as the matrix and the
metal microparticles as the filler (φ = ψ), the thermal conductivity of the LMM multiphase
composites falls in the region bounded by Cheng-Vachon and Bruggeman’s predictions (Fig-
ure 3b,c) and is within ∼10% of the theoretical predictions. This trend is consistent with
previous work in polymer composites, where reasonable agreement between experimental
data and these particular theoretical predictions was found. [60] The Cheng-Vachon model
does not consider the shape of the particles or their dispersion effectiveness, which may lead
to over-prediction of thermal conductivity. The Bruggeman model uses an effective medium
theory (EMT) approach to capture the interactions among randomly distributed fillers which
does not consider the distribution of the MPs in the composite, which could result in a slight
under-prediction of the experimental data. While this model works well for predicting the
behavior of composites with LM as the only filler, the model under-predicts the experimental
data in the case of LMM multiphase composites.
The mechanical response under tension is presented in Figure 3d for low Fe loadings.
As the Fe content is increased, the tensile modulus increases in both the ω = 30 and 50%
composites, with the ω = 50% increasing at a faster rate (Figure 3e). For the ω = 30%
composites, the strain at break shows a slight initial decrease as Fe is introduced, but as Fe
loading continues to increase to x = 0.1, the strain at break stays constant. In all cases the
strain at break stays above 1000%. For the ω = 50% composites, the strain at break shows
a slight increase at low Fe loadings and then decreases as Fe loading is increased to x = 0.1
(Figure 3f).
2.2.1. LM/particle distribution and alloying
To determine the location of the solid particles in the multiphase composite we perform
SEM and utilize EDS to map the location of elements. Figure 4a,d shows cross-section













This article is protected by copyright. All rights reserved.
dot map overlays of the elements. We find that Fe (yellow region) is concentrated in the LM
regions (red) rather than in the elastomer (blue regions). This result can be attributed to
the sample fabrication process where the solid particles are mixed in the LM phase before
mixing into elastomer. This wets the particles with the likely formation of a gallium-oxide
coating, which increases the affinity between the particle and the LM phase. To better
understand and evaluate the location of Fe in LM regions, we overlay the Fe regions (yellow)
on the original SEM image (Figure 4b,e). Figure 4b shows that almost all the Fe particles
stay associated with LM during fabrication and curing rather than getting dispersed into the
bulk of the elastomer for ω = 30% and ψ = 2.3% sample. As ψ is increased to 20% (Figure
4e) we see that the majority of Fe particles are associated with LM, however, portions are
in the elastomer. This may be due to an increased probability of Fe particle agglomeration




Figure 4: SEM and elemental dotmaps for multiphase composites. a) SEM micrograph of
cross-sectional area of a ω = 30% and ψ = 2.3% sample b) Overlay of Fe particles in the LM
regions on the original micrograph c) Elemental dotmap Overlay of Ga, In, Fe and Si d-f)
Corresponding SEM micrograph and overlays for a ω = 30% and ψ = 20% sample.
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tion (XRD) is performed on the as-received microparticles as well as the LMM multiphase
composites. It is found that Cu particles form an intermetallic phase with Ga (CuGa2) as
previously demonstrated. [53, 55] However, the Fe signal does not change in the multiphase
composite, indicating that the Fe and LM do not react at room temperature or under the
curing conditions (110◦C). The alloying of the Cu particles causes the LM to solidify, [53, 55]
while the Fe particles form a suspension, where the LM stays fluid. These observations can
explain why the multiphase composites of Cu show a higher elastic modulus and a lower
strain at break than the Fe composites (Figure 1d,e). To further investigate the alloying
behavior we perform a time dependent XRD study on the just mixed, uncured composite
(Day 0) up to 200 days post curing. Figure 5a,b shows the time dependence of LM with
Fe and Cu respectively. It can be observed that Cu starts interacting with LM rapidly dur-
ing fabrication which is indicated by the new peaks observed in the Day 0 curve in Figure
5b (See Figure S6 for additional reference curves). XRD analysis performed on Ag and Ni
composites also indicates interaction with LM leading to intermetallics (Figure 5c). These
results show that metals with fcc crystal structure tend to form alloys with gallium, which
is consistent with previous experiments which show that fcc metals in powder form interact
and form alloys with gallium at room temperature, while bcc metals generally do not form
alloys. [61] This indicates that the commercially purchased Fe particles used in this research
are α-Fe (bcc). This is confirmed by comparing the XRD patterns of α-Fe and γ-Fe to
our microparticles and composite, where the α-Fe signal matches well to our materials (See
Figure S7). This is further corroborated by the fact that α-Fe is the stable form of iron upto
910◦C. Hence, to fabricate multiphase composites, the crystal structure of the solid filler is
critical in governing the solid filler-LM interaction and intermetallic formation. This can
contribute to filler rigidity, ranging from liquid-like behavior with bcc metals like chromium,
vanadium or α-iron to solid-like behavior with fcc metals such as copper, nickel, silver or
gold when mixed in sufficiently high ratios depending on the specific elements. This inturn


















Figure 5: XRD analysis of multiphase composites. a) XRD patterns of as-received Fe
microparticles (MP), LM composite with φ=30% and multiphase composite with ω = 30%
and ψ = 2.3% just before curing (Day 0) and cured sample from day 1 to >200 days. b)
Similar patterns for Cu, where the sharp peaks in the day 0 to >200 day curves which are
not present in the Cu or elastomer+EGaIn curves correspond to the copper alloy formation.
c) XRD patterns of as-received Ag and Ni microparticles and the multiphase composites
after 200 days.
To understand the phase evolution of the LM and solid particles we examine the en-
ergetics and kinetics of the principal phase transformations. Focusing on the Cu-modified
Ga-In dispersions, we examine the transitions within this multiphase metallic constituent,
which evolves from a continuous liquid containing dispersed solid particles into a solid or
semi-solid, depending on the amount of Cu added. The governing thermodynamic scenario is
summarized in Figure 6, including an isothermal section of the Ga-In-Cu phase diagram in
Figure 6a. The diagram indicates several stable phases at 298 K, including the Ga-In liquid
(L), Cu-fcc (α), In-fcc (β), along with the stoichiometric intermetallic phases Ga2Cu (θ),
and the ternary-phase, nominally Ga2InCu6 (γ). The dashed line shows the locus of com-
positions obtained by mixing pure Cu into the EGaIn liquid, and triangles indicate specific
compositions treated by our simulations. For the compositions of interest, the equilibrium
phases representing the likely final structure are L, α, β, θ, and γ. Ignoring minor transient
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employ the corresponding constrained (metastable) isothermal diagrams in Figure 6b-d to
define phase boundary compositions under the assumption of local chemical equilibrium (See
Table S3).
We assume an interparticle spacing of 0.050 mm and utilize a one-dimensional adaptive
grid explicit finite-difference treatment of diffusion-controlled boundary migration. We em-
ploy an effective pseudo-binary interdiffusion coefficient within each phase (see Table S3)
such that the compositional variable essentially indicates the position along the dashed line
in Figure 6a. The process is treated as a two-step reaction involving (i) the dissolution of Cu
particles (α) in the Ga-In liquid (L) with simultaneous formation of an intermetallic phase,
either θ or γ and (ii) a growth/dissolution reaction between the already-grown intermetallic
and the remaining liquid along with the growth of an additional intermetallic phase. For sim-
plicity, we assume that Stage-1 intermetallic growth involves the θ phase for xCu ≤ 0.26 and
the γ phase for higher Cu content. Because of the mechanical shear applied during mixing,
we further assume that intermetallic films are not continuous and that both the dissolving
phase and the growing phase remain in intimate contact with the liquid with local interface
compositions as listed in Table S3. Specific initial conditions for each of the simulations are
listed in Table S4.
Simulation results, showing phase fractions vs time during the two-stage process are
shown in Figure 6e. This figure demonstrates that Cu dissolution occurs rather quickly, con-
suming the solid Cu (α) within a few minutes. (See Table S3 for a brief explanation of kinetic
parameters and related assumptions.) During the subsequent (stage 2) transitions the liquid
phase serves as a high-diffusivity conduit permitting rapid (<10 min) dissolution/growth of
intermetallics while liquid is present. Simulated final phase fractions are plotted in Figure
6f,g as a function of Cu content and compared with the equilibrium phase fractions. Note
that the simulations are terminated when the liquid is fully consumed, so some degree of
solid-state compositional equilibration remains to occur, but this involves only minor changes



















Figure 6: Thermodynamic and kinetic simulations of the multiphase system. a) Isothermal
section of the Ga-In-Cu phase diagram, computed from the assessed parameters reported by
Muzzillo et al. [62] b-d) Constrained phase diagram showing metastable equilibria and the
relevant two-phase fields for α-L (P), α-θ (Q), θ-L (R), and γ-L (S) e) Simulation result
showing phase fractions vs time for Stage 1 and Stage 2 transformations for a Cu mass
fraction of 0.358 f,g) Simulated phase fraction vs composition for (f) the end of Stage 1
(α-Cu consumed) and (g) the end of Stage 2 (liquid consumed). The dashed lines indicate
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XRD data indicating that intermetallic phases form quickly upon mixing. Additionally, the
simulation results support the observed rapid solidification of the filler phase in the multi-
phase composites. Indeed, Figure 6a,f,g reveals that the expected solid fraction increases
with mass fraction Cu up to a mass fraction of approximately 0.3, above which the liquid is
expected to become fully consumed resulting in a solid mixture. In addition, Figure 6e shows
that this condition is reached in a relatively short time. These findings further substantiate
the observations shown in Figure 1, where the composite with 1:1 LM to solid particle ratio
(x = 0.5) exhibits significant stiffening, while the lower loadings (x ≤ 0.1) show more modest
increases in stiffness (Figure S5).
2.3. Thermal-mechanical coupling
As demonstrated in Figure 2, the unique nature of the liquid filler allows for the droplet shape
to be controlled through the application of strain. To evaluate the thermal conductivity
under strain, we modify the THW setup to stretch the elastomer while thermal conductivity
is measured both transverse and along the direction of stretch. These measurements can
then be decomposed into the orthotropic thermal conductivity values of the bulk material
(kx, ky, kz), where ky is defined as the stretching direction (Figure 7a). Here we find that
the unfilled elastomer (φ = 0%) displays a constant thermal conductivity in the direction
of stretch of ky ≈ 0.3 W · m−1 · K−1. When a LM composite (φ = 60%) is stretched, ky
increases as strain is increased up to 400% strain where ky = 11.0±0.5 W ·m−1·K−1 (Figure
7b). This value is one of the highest reported for an electrically insulating, soft composite
material. To model this behavior we utilize a modified Bruggeman formulation that allows
for predictions of thermal conductivity as a function of strain by considering the change
in aspect ratio of the LM droplets during stretching. [39] In Figure 7c, we plot k/k0 as a
function of strain for the φ = 60% LM composite in the ky and kx directions. The model
well predicts the behavior where ky increases and kx shows a slight decrease upon stretching.
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Figure 7: Thermal-mechanical coupling. a) Schematic of the stretching experiment setup
with THW probe in the inset b) Absolute values of thermal conductivity in the direction
of stretch for an unfilled elastomer (φ = 0%) and a LM composite (φ = 60%). c) Strain
vs normalized thermal conductivity along the direction and transverse direction of stretch
where the solid lines represent Equation 2 with a strain dependent L. All error bars represent
±1 SD and are not displayed if smaller than the data point size.
To demonstrate the thermal-mechanical coupling behavior we embed resistive heaters
in the elastomers and use an infrared camera to monitor the change in temperature upon
turning the heating element on and off. Two volume fractions (φ = 0%, 60%) and two strains
(50%, 275%) are chosen to illustrate the effect of filler and strain (See Figure 8a). Each
sample consists of two halves activated using oxygen plasma, stretched to the predetermined
strain and bonded to the resistive heating wire (Nichrome wire) on either side (Figure 8b)
The samples are connected in series to a power supply to maintain a constant current. The
average temperature of regions at the center of each sample (square regions in first IR image
in Figure 8a) are monitored over time and plotted in Figure 8c. When a constant current (600
mA) is supplied to this system at t = 0 s, the unfilled elastomer (φ = 0%) reaches a higher
temperature and at a faster rate compared to the LM composites. Furthermore, when the
power supply is turned off, the LM composite at 275% strain shows a more rapid decrease
in temperature relative to both the LM composite at lower strain (50%) and the unfilled
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heat conduction and the potential for these soft-composites for use in stretchable electronics,
soft robotics, and programmable matter where combinations of thermal conductivity and
mechanical compliance are required.
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Figure 8: Resistive heating demonstration with infrared imaging. a) Schematic of the
samples used for demonstration with LM filler volume fractions (φ = 0%, 60% and 60%) and
strains (50%, 50% and 275%) respectively. Squares in the first IR image show the region
in each sample where the temperature was monitored. b) Schematic showing the sectional
view of a sample bonded on either side of a resistive heating wire (both halves are similar
in dimensions, a section of the top half is cut out to show the details). c) Plot showing the
average temperature in the monitored regions as a function of time as the resistive heaters
are powered on and off.
To summarize the results from the three types of composites, we plot the tensile modulus
versus strain at break in Figure 9. Generally, more rigid composites display lower strains
at break, as demonstrated by the generally negative trend in Figure 9a, where composites
consisting of only LM and elastomer show the lowest modulus for a given volume loading φ.
Additionally, materials where LM is either the exclusive filler or the majority filler (LMM)
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modulus and high strain at break. As the loading of solid particles increases (φ ≈ 10%
solid filler) materials move towards the upper-left quadrant, displaying a higher modulus
and lower strain at break. To evaluate the overall compliance of the materials, the strain
limit normalized by the tensile modulus is calculated, where higher values of this param-
eter demonstrate a higher material compliance. [39, 63] To evaluate the mechanical-thermal
response of the materials developed in this manuscript, Figure 9b plots the compliance pa-
rameter against the measured thermal conductivity. Here we find that composites that have
significant loadings of solid particles fall in the lower-left quadrant where overall compliance
is low and the thermal conductivity is relatively low. LM composites with ≤ 30% fall in the
upper-left quadrant, where compliance is high and thermal conductivity is relatively low and
similar to the solid filler composites. Materials where the majority filler is liquid (LMM mul-
tiphase and LM) with ≥ 30% display intermediate compliance values with relatively higher
thermal conductivity. As LM loadings approach φ = 80% the compliance ratio degrades but
the highest thermal conductivity in an undeformed state of k = 6.7 ± 0.1 W ·m−1 ·K−1 is
achieved. For the materials studied, filler loadings between 50% < φ < 60% display the most
desirable combination of compliance ratio and thermal conductivity.
Both these plots demonstrate the advantage of liquid metal fillers for soft, thermally
conductive materials. The advantage of the LM composites is two-fold, first the liquid
inclusions enable the materials to stay relatively soft and extensible compared to materials
of primarily solid fillers. Additionally, as the liquid filler can be incorporated at higher
volume loadings, the thermal conductivity can be enhanced beyond solid fillers. To model
this response we create a contour plot where the color map represents the composite thermal
conductivity (kc) predicted by the Bruggeman EMT (Equation 2 with L = 1/3). The filler
thermal conductivity (kp) is plotted along the y-axis and volume loading of the filler phase
(φ) is along the x-axis (Figure 10a). Here we see that for any given volume loading,
increasing the particle thermal conductivity results in only modest increases in composite
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Figure 9: Summary plots for soft composite thermal conductivity. a) Tensile modulus vs
Strain at break b) Ratio of strain at break to Tensile modulus vs Thermal conductivity of the
composites. All error bars represent ±1 SD and are not displayed if smaller than the data
point size. Composites with only thermal conductivity data and no mechanical behavior
data have been excluded.
with increases in volume loading for a given kp. To highlight this response in the materials
utilized in this study, Figure 10b plots kc vs φ for LM, Fe, and Cu where the lines are
predictions and the symbols are experimental data. This shows that although the solid fillers
have a greater thermal conductivity than LM, increasing (φ) has a much more significant
influence. Furthermore, the solid fillers can not be loaded as highly as the LM, where the
dashed lines in the plot indicate compositions that were unable to be mixed, and thus are
unrealistic in the present system. This result shows that increasing the thermal conductivity
of the filler phase can result in increased thermal conductivity, but utilizing a liquid filler
with a lower thermal conductivity can provide opportunity to increase the composite thermal
conductivity through the ability to increase the volume loading.
To model the effect of deformation on the composite thermal conductivity, we make
a second contour plot (Figure 10c) with strain on the y-axis and φ on the x-axis. Here,
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theory to accommodate stretching (Equation 2 with L as a function of strain). When φ ≤
30%, stretching does not increase the absolute thermal conductivity relative to more highly
loaded composites. Above φ = 30%, significant absolute gains in thermal conductivity are
obtained through incremental strain. To highlight the strain and volume loading dependence,
we plot selected contours in Figure 10d, where the combination of higher volume loadings and
applied strain can lead to significant gains in thermal conductivity. This is experimentally
supported with the φ = 60% LM composite, where a large ky = 11 ± 0.1 W ·m−1 · K−1 is
measured and we find good agreement with the theoretical predications. In summary, Figure
10 provides clear design criteria for enhanced thermal conductivity, where LM systems can
be loaded to high volume loadings (φ) while still being deformable, providing a desirable
combination for electrically insulating soft materials with high thermal conductivity.
The multiphase filler approach presented in this work provides insight for the creation of
multifunctional soft composite systems. Although the single phase LM composites provide
desirable combinations of thermal conductivity and soft mechanical response, the addition of
microparticles that are magnetically, optically, or thermally active provide opportunities to
incorporate diverse functionalities within a single composite material. Despite the fact that
the addition of MPs may degrade the mechanical response, especially when alloying occurs
with the LM, the additional functionality could provide benefits that overcome this trade-off.
Therefore, both the loading amount and type of filler particles are important parameters to
consider to achieve the desirable combination of properties. For example, in the case of the
EGaIn/Cu system, Figure 6 shows if the Cu mass fraction stays below approximately 0.3,
liquid content will be present in the mixture to help maintain a softer mechanical response
while incorporating the Cu to improve functionality such as electrical response. For non-
alloying MPs, Figure 9 shows that for the φ = 50% LMM multiphase composites with lower
Fe loadings, the mechanical and functional response is similar to that of the LM composites,
while the Fe particles can incorporate a magnetic response into the system. These cases
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a b
dc
Figure 10: Design maps for thermal conductivity in soft materials. a) Log-linear contour
plot of composite thermal conductivity (kc) as a function of filler thermal conductivity (kp)
and volume loading (φ) based on Bruggeman EMT (color scale is log based). b) Selected
contours from (a) of kc as a function of φ. Dashed line indicates the inability to make
composites using the particle size and fabrication conditions adopted for this system. c)
Contour plot of composite thermal conductivity as a function of strain and volume loading
based on the strain modified Bruggeman EMT. d) Selected contours from (c) of composite
thermal conductivity as a function of strain. (Modeling used: km = 0.29 W ·m−1 ·K−1 for
silicone elastomer and kp = 26.4 W ·m−1 ·K−1 for LM).
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3. Conclusion
In this work we present the mechanical and thermal properties of soft composites consisting
of i) solid particles, ii) LM inclusions, and iii) multiphase composites of LM inclusions and
solid particles. For multiphase composites we report that when equal volume loadings of
solid and liquid are used (1:1), we measure a slight increase in thermal conductivity. How-
ever, the rigid fillers significantly impact the stretchability and modulus of the composite. In
particular, particles like Cu that alloy with LM make the filler exhibit a solid-like behavior
while particles such as Fe, which do not alloy, are less stiff and more extensible. For the solid
fillers, it is found that although the thermal conductivity of the particles are significantly
higher than LM, the gains in thermal conductivity are modest, especially as the solid filler
(φ < 40%) is unable to achieve the higher volume loadings of the fluidic LM. In comparison,
composites with only LM inclusions show similar or slightly lower thermal conductivity at
low loadings, however, the ability to reach φ =80% allows for significant increases in com-
posite thermal conductivity. We highlight this point through the Bruggeman model and
show that the ability to achieve greater filler loadings with LM results in greater composite
thermal conductivity than using solid particles with higher absolute thermal conductivity at
lower volume loadings. The deformable nature of the LM filler also enables high composite
strains and low modulus. This was demonstrated with a highly stretched φ = 60% LM
composite where the LM particles are transformed into elongated ellipsoids and display a
high thermal conductivity in the direction of stretch while maintaining electrical insulating
properties. Although the LM inclusions provide a desirable combination of high thermal con-
ductivity and soft mechanical response, the addition of microparticles that are magnetically,
optically, or thermally active provide future opportunities for multifunctionality design. The
materials and design criteria developed in this work provide pathways for soft and highly
deformable materials that can be applied to diverse applications in soft matter engineer-













This article is protected by copyright. All rights reserved.
thermal conductivity are required.
4. Experimental section
Fabrication: The multiphase composites are fabricated by dispersing LM microdroplets
along with metal microparticles in a two-component silicone elastomer (Ex-SilTM100; Gelest
Inc.). First, the two-part silicone prepolymer is prepared by combining part A and part B at
a 125:1 ratio by mass and then thoroughly mixing and degassing in a planetary centrifugal
mixer (FlaktekTMSpeedmixer). LM is a eutectic alloy of gallium and indium and is prepared
by mixing Ga:In (Solution Materials, LLC) at a 3:1 ratio by mass and then heating and
homogenizing at 200 ◦C overnight on a hot-plate followed by cooling to room temperature.
Calculated masses of solid particles and LM are weighed and shear mixed using a mortar and
pestle for 10 min. This suspension is then added to the uncured polymer and all the com-
ponents are thoroughly mixed for an additional 10 min to get a homogeneous composition.
This final suspension is degassed, cast into molds, and cured in a convection oven at 110 ◦C
for 14 hours. For convenience, we represent different composition criteria using the greek
symbols - φ = vol(totalfiller)
vol(composite)
, ψ = vol(microparticles)
vol(composite)
, ω = vol(LM)
vol(elastomer)
, x = mass(microparticles)
mass(totalfiller)
Tension Testing : Samples for mechanical testing are made in a dogbone shape with 50%
dimensions of ASTM D412 Type C sample size. The shape is cut into a laser mask and
placed on a glass slide coated with a thin layer of Ease release 200 (Smooth-On Inc.). The
uncured composite is placed at one end of this mask and a ZUA 2000 Universal applicator
(Zehntner Testing Instruments) creates a 1000 µm layer. The mask is then removed and
the sample is cured, leaving the dogbone shaped sample. Tests are performed on an Instron
5944 mechanical testing machine using a 50 N load cell. Three samples for each composition
are tested at an extension rate of 1 mm/sec. The elastic modulus is calculated as the slope
of the linear fit of the stress-strain curve up to a strain of 5%.
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(l x w x t) is made by casting uncured composites into acrylic molds. The probe is a 25µm
diameter platinum wire soldered to copper leads which are connected in a four-probe setup to
a Keithley 2460 Source measuring unit (SMU). A custom made loop sends a constant current
for ∼0.5 s through the THW probe and measures the voltage over 50 data points. The current
varies between samples from 100-600 mA depending on the measured temperature rise to
get a sufficient signal-to-noise ratio. The resistance is calculated according to Ohm’s law
(R=V/I ) and a plot of change in temperature (∆T) vs time (t) is generated (See Figure
S8 for representative curves). A nonlinear fit is performed on the curve using MATLAB
“nlinfit” algorithm to obtain the value of thermal conductivity. The loop runs 5 times with
3 minute intervals allowing the sample to dissipate any heat from the previous run. The
reported thermal conductivity is an average of the 5 runs with a ±1 Standard Deviation.
For the thermo-mechanical measurement, the probe design is modified to accommodate
two platinum wires to measure thermal conductivity along and transverse to the stretching
direction. To stretch the sample two linear actuators on either side of the sample are used. To
accommodate the reduction in sample thickness, an adjustable stage is attached to the base
for vertical movement. Figure 7a shows the schematic of the test setup with inset showing the
modified THW probe. Samples are stretched from 0 to 400% strain and thermal conductivity
in axial and transverse directions is measured at each 100% increment in strain.
Optical Microscopy : Optical micrographs are obtained using a Leica DMi8 inverted mi-
croscope in bright and dark field modes. Particle analysis is done using Fiji software. Thresh-
olding the optical micrograph results in a binary image to which ellipses are fit and this is
overlaid on the micrograph. Figure S2 and S3 show the optical micrographs, thresholded
images and the fit ellipses for ω=30 and 50% with incremental x. The major radii and aspect
ratio of these ellipses are plotted as a histogram and a Gaussian fit gives the mean particle
size and the standard deviation of the distribution (Figure S4).
Thermal imaging demonstration: Three samples are tested - one unfilled elastomer (φ =
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and 275%. For each sample, two halves are activated using oxygen plasma, stretched to
the predetermined strain and attached together on either side of a resistive heating wire
(Nichrome wire). The samples are held with aluminum clamps on their ends. The three
samples are connected in series with a power supply and 600 mA are supplied at time t =
0 s to the resistive heater. IR images are captured with a FLIR T450sc infrared camera at
a frame rate of 30 frames per second with emissivity = 0.85 and reflection temperature =
20◦C.
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